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Introduction
The rapid progress in the development of new materials has now been facilitated to a great extent by fast development of novel technologies and modern scientific and technical progress. In recent years, a lot of new and technologically advanced materials have been obtained by sintering of powders, both amorphous and polycrystalline ones. Almost all metals can be obtained in powder form, but the method of obtaining such materials is dependent on desirable properties affected by their structure. In this sense, metallic amorphous and nanocrystalline alloys with magnetic properties have been especially widely applied. Alloys of the iron group of metals, Fe, Co and Ni have been considered as very good magnetic materials since 1921 [1] [2] [3] . These alloys are known to possess much better permanent magnetic properties compared to pure metals [1] [2] [3] . A special interest in this area has been focused on amorphous alloys having different composition as relatively new materials offering an excellent and specific combination of isotropic properties [4] . These materials are characterised by the absence of long-range order in the atom arrangement [5] . For multicomponent alloys, this is a more universal way of their existence. Amorphous alloys can be considered as two-or multi-component solid solutions possessing typical properties of solids. However, the amorphous state is structurally and thermodynamically unstable and very susceptible to partial or complete crystallization, which requires very strict selection of the method and preparation conditions.
From the earliest papers on nanostructured material science [6] until nowadays, scientists worldwide have focused on both the scientific and commercial aspect of these materials in their widespread research over the past couple of decades. Nanostructured materials not only provide us with an excellent opportunity to extend the understanding of the structure-property relationships in solid materials [7] , they also serve as an attractive potential for technological applications [8] .
The electrodeposition technique has significant advantages over other methods of synthesis of nanocrystalline materials [9] . This technique offers us excellent possibilities for obtaining such materials which have high purity, different structure and morphology. The chemical composition, phase structure, size and shape of the electrochemically obtained powders depend on the current density, bath composition, temperature and circulation rate of the solution, nature of the cathode and the ratio of the nucleation rate to the deposit growth rate [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The electrolytic powder production method usually yields products of desirable chemical composition, high purity, which can be pressed and sintered, as we have shown in our previous papers [11] [12] [13] [14] . Therefore, by using different electrolysis regimes now it is possible to predict and obtain powders of desirable properties.
Electrodeposition of powders, nickel as well as cobalt ones, from solutions was established by the work of Calusaru [15] . However, only a few papers were devoted to Ni-Co powder electrodeposition as the method of obtaining alloy powders at constant concentration of metallic ions in the solution [16] [17] [18] [19] [20] [21] .
As shown in our previous papers [11] [12] [13] [14] , the thermal stability, electric and magnetic properties of the Co and Ni alloy powders electrochemically obtained from an ammonium bath, depend on the bath composition and deposition current density.
Electrodeposition is one of several laboratory-scale processing techniques currently available to produce nanocrystalline materials [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Electrodeposition (direct current and pulsed) has been used to produce sheets of nanostructured metals (such as Ni, Co, Cu) and binary alloys (such as Ni-Fe, Ni-W) [26] [27] [28] .
Recently, several papers have been published on the effect of solution composition and deposition current density on the chemical composition, phase structure, electric and magnetic properties and corrosive stability of thin electrodeposited Co and Ni alloy films [29] [30] [31] [32] [33] .
The purpose of this paper was to obtain the isotropic amorphous as well as nanocrystalline powder of the Ni-Co alloy by electrodeposition from ammonium chloridesulphate solution using inert electrodes and to establish the relationship between the morphology and structure of the alloy powders and electrolysis parameters.
Experimental details
The powders were obtained in a 2.0 dm 3 open glass electrochemical cell. A titanium plate placed in the centre of the cell having a 6.0 cm 2 surface area and 0.2 cm thickness was used as a working electrode; RuO 2 /TiO 2 with a 10 cm 2 surface area, placed close and parallel to the Ti-plate, were used as anodes. The cell was in a thermostat maintained at a working temperature of 293±1.0K. The solutions were made from analytical grade chemicals and triple distilled water. [11, 12] . The deposition time was usually 2 h and the powder was removed by a soft brush after 30 minutes. All powder samples were washed several times with distilled water and 0.1% benzoic acid solution. After washing, the powders were dried at 378 K.
Polarisation diagrams were recorded with the three-compartment standard electrochemical cell at the temperature of 293±1.0K. The platinum foil counter electrode and the reference-calomel electrode (SCE) were placed at separate compartments, connected to the working electrode by Luggin capillary positioned 0.2 cm from the working electrode surface. The working electrode was a titanium electrode rod (d=0.4 cm). Before each experiment the working electrode surface was polished using 0.05 μm alumina impregnated polishing cloths.
Polarisation measurements were performed by computer controlled Electrochemical system (PAR M 273 A) using the corrosion software (PAR M352/252, version 2.01) with a sweep rate of 1 mVs -1 . For obtaining polarisation curves corrected for IR drop, the current interrupt technique was used with the time of current interruption being 0.5 s.
The current efficiency was determined at different current densities by measuring the volumes of hydrogen evolved on the titanium cathode as a working electrode. The working electrode was placed in the middle of the cell under the burette with the surface facing up so that the whole amount of the evolved hydrogen went into the burette. The burette was also kept at the same temperature. After each experiment where constant current was used, the electrode was taken from the solution, the remaining deposit was removed and its surface was again polished by the same procedure. At each applied current density hydrogen was collected starting from a clean electrode surface, as it was in the case of measuring the polarisation curves.
The current for hydrogen evolution was obtained using the equation for Faraday's Law applied to the gas evolution process:
where Vo is the experimentally determined hydrogen volume at given pressure, P and temperature, T=298K, t is the time of hydrogen evolution under constant current, V n is the volume of the 1 mol of hydrogen at normal condition (22.4 dm 3 mol -1 ), n is the number of exchanged electrons and F is the Faraday's constant.
The current efficiency for the electrode position process was then obtained from the relation:
The chemical composition of the powder was determined by atomic absorption. The X-ray powder diffraction (XRD) analysis of Co and Ni alloy powders was carried out by Philips MPD diffractometer with CuK α radiation operated at a tube voltage of 40 kV and a tube current of 30 mA. A step scan mode was utilised with 0.03º 2θ per step. The step time was 1.15 s. The angular 2θ range investigated was 10-90º. The morphology of the electrodeposited powders was examined using scanning electron microscope SEM (JEOL-JSM 6460LV). In order to investigate the structural transformations the powders were annealed at 723 K and 973 K for 60 minutes in argon.
Results and Discussion
The cathodic polarisation curves significantly depended on the Ni (II)/Co (III) ratio in the solution (Fig. 1) . With an increase in this ratio, nickel and cobalt codeposition took place at more negative potentials. At small current densities, the Tafel slope was 120 mV, indicating that the nickel and cobalt codeposition in this range was activationally controlled. Maximum current density up to which the 120 mV slope existed also depended on the Ni (II)/Co (III) ratio in the solution. When the Ni (II)/Co (III) ratio =4, the 120 mV slope existed up to 10 mA cm -2 . When the ratio was 0.25, the slope existed up to 13 mA cm -2 .
0,01 0,1 1 In this current density range, the hydrogen evolution reaction was negligible. At current densities higher than the Tafel range, with the current density increase, there was an increase in the polarisation curve slope and a gradual rise in the current density share for the hydrogen evolution reaction. By using experimentally determined current efficiency values per alloy, partial currents of the nickel and cobalt codepositions were calculated for different Ni (II)/Co(III) ratios. At current densities higher than 10 mA cm -2 , with an increase in the current density, the slopes of the partial nickel and cobalt codeposition currents gradually increased until they reached limit current densities. These limit currents also depended on the Ni (II)/Co(III) ratio. With an increase in this ratio, the limit currents decreased. With the ratios of Ni (II)/Co (III)=4 and Ni (II)/Co (III)=0.25, the limit currents have values of 35 mA cm -2 and 45 mAcm -2 , respectively. In the current density range where the slope of the nickel and cobalt codeposition polarisation curves gradually increased with the current density increase, the deposition rate was determined by the homogeneous chemical reaction of partial complex dissociation. The limit current of the nickel and cobalt codeposition was determined by the limit complex dissociation rate.
Cobalt was deposited faster than nickel and its limit current was higher than the limit current of nickel deposition.
Despite having a less stable complex compared to cobalt, nickel was deposited slower and had lower limit current because the dissociation activation energy [Ni(NH 3 ) 6 ] 2+ was higher than the activation energy of the cobalt complex dissociation.
At current densities higher than about 200 mA cm -2 , there existed a 40 mV slope on the polarisation curves determined by simultaneous cobalt and nickel deposition and hydrogen evolution reactions. This slope was determined by the hydrogen evolution reaction on nickel and cobalt alloys.
At potentials more negative than this Tafel range, the hydrogen evolution reaction turned into an activation-free process, causing the emergence of the limit current [34] .
At current densities lower than the limit current of nickel and cobalt codeposition on a titanium cathode a deposit in the form of a coating was formed, and at current densities higher than the limit current, a powder-like deposit was formed. At current densities higher than the current limit of nickel and cobalt codeposition, with an increase in the cathode overpotential, smaller powder particles and smaller crystal grains are formed. With an overpotential increase, there was an increase in the nucleation rate and the rate of nickel and cobalt atom supply for the crystal growth did not change causing the formation of smaller crystals.
The adequate choice of the Ni(II)/Co(III) ratio and current density resulted in the obtainment of nickel and cobalt alloys having different compositions. The phase structure and morphology of the Ni 0.8 Co 0.2 ; Ni 0.55 Co 0.45 and Ni 0.2 Co 0.8 powders were examined in this paper.
The phase structure, particle shape and size of the electrochemically obtained cobalt and nickel alloy powders considerably depended on current density according to the analysis of X-ray diffraction patterns and SEM micrographs of the obtained powders, Figs 2-12 . Thus, the alloy with the highest content of nickel, for higher deposition current densities, was amorphous but nanosized for the lower deposition current density.
Amorphous and nano-sized Ni 0.8 Co 0.2 powder X-ray diffraction patterns of Ni 0.8 Co 0.2 powder sample electrodeposited at current density j = 220 mA cm -2 are shown in Fig. 2 . The X-ray diffractogram (Fig. 2a) shows a broad peak in the range of smaller 2θ values almost without sharp diffraction peaks indicating mainly amorphous structure of the powder. After annealing of the powder at 973 K for 60 minutes under argon, X-ray diffractogram was recorded (Fig. 2 b) again. The samples annealed at T = 723 K and T = 973 K (Fig. 3 ) have more pronounced peaks and more enlarged grains in comparison with the non-annealed powder sample. After annealing of the as-prepared powders at 723 K, the average crystallite size increased to the values of 27 nm, 32 nm and 90 nm for the orientations (111), (200) and (220), respectively.
The further increase in the annealing temperature led to better crystallization of the powder into the FCC phase and to a reduction of the amorphous phase. The average crystallite size of the annealed alloy increased to the value of 38 nm for the orientation (111), 45 nm for the orientation (200) and 100 nm for the orientation (220). Weakly pronounced peaks of the cubic phase Ni 0.8-x Co 0.2-y O x+y are observed in the diffractogram, too. had more pronounced peaks compared to the diffractogram for the powder sample electrodeposited at a current density of j = 400 mA cm -2 (Fig.6 ). This indicates that the decrease in the deposition current density resulted in the increase of the crystallite size and decrease of lattice distortion in both present phases, Tab. I. It was shown that the crystal part of the powder consisted of 27 (5)at.% of the HCP phase and 73 (7)at. % of the FCC phase. The average size of the crystallite of the FCC and HCP phases amounted to 15.6 nm and 19.8 nm, respectively, as can be seen from the results presented in the Table 1 . The lattice distortion for both phases was 2.3 10 -3 . A comparative analysis of diffractograms for Ni 0.55 Co 0.45 powders electrodeposited at j = 400 mA cm -2 , j = 220 mA cm -2 and j = 65 mA cm -2 shows that the decrease of the current density resulted in better crystallisation, an increase of the crystallite size and higher HCP content. At lower current densities, a powder with a higher HCP phase content, larger crystal grains and lower lattice distortion was obtained (Fig.7) . After the heat treatment of the Ni 0.55 Co 0.45 alloy powder in an argon atmosphere, as shown by the diffractograms, the pronounced peaks existed only for the FCC phase ( Fig.8 and Fig.9 ). The increase of the annealing temperature led to a significant crystallization indicated by the existence of a series of considerably higher and narrower X-ray peaks of the FCC phase. Also, a significant increase of the crystallite size up to 54.7 nm was observed. This shows the character of the structural change during the heat treatment involving transformation of the HCP phase into the FCC phase, crystal grains growth and decrease of lattice distortion in the FCC phase. Diffractograms also show three small peaks for different planes of the cubic phase of Ni 0.8-x Co 0.2-y O x+y . The powders obtained at lower current densities had particles resembling the inlaid structure (see Fig. 10 a ) , while the powders deposited at current densities j >220 mA cm -2 had cauliflower-like particles, covered by small dendritic particles (Fig. 10 b) .
Nano-sized Ni 0.2 Co 0.8 powder
The diffractogram for the as-prepared Co-rich powder sample of the Ni 0.2 Co 0.8 alloy electrodeposited at current density j = 400 mA cm -2 shows the characteristic peaks for two crystal phases, the FCC and HCP structures Fig. 11 . The crystal part of the sample contained 69(9)at.% HCP phase and 31(6)at.% FCC phase. Average crystallite sizes of the FCC and HCP phases were identical, being 28 nm. The lattice distortion for both phases was 2.3·10 -3 . The micrographs shown in Fig. 12 illustrate that the powders of the Ni 0.2 Co 0.8 alloy obtained at lower current densities had particles of inlaid-like structure, while those obtained at the higher current densities had the cauliflower-like structure covered by needle-like dendritic particles. In addition, on the deposits of Ni 0.2 Co 0.8 craters can be observed, and their number increased with the increase of the electrodeposited current densities. Fig. 13 . represents the dependence of the phase composition of the nickel-cobalt alloy powders obtained at current density of 220 and 400 mA cm -2 on the chemical composition of the alloys. The HCP phase was a dominant phase in powders with a higher cobalt content. The increase of the deposition current density led to a HCP phase decrease in the powders. 
Conclusion
The microstructure as well as morphology of the Ni and Co alloy powders electrochemically obtained from an ammonium nickel and cobalt sulphate solution on Ticathode as a substrate, depended on the deposition current density and bath composition. The amount of the amorphous phase in the powder decreased with an increase in the Co content in the powder and with a decrease in the deposition current density. The FCC phase was a predominant phase in the crystal part of the alloy powders with more than 70 mol.% Ni. Decreases of Ni concentration in the alloy powders with less than 70 mol.% Ni, increased the content of the HCP phase in the crystal part of the powder. With a decrease in the deposition current density the amount of the HCP phase in the powder increased and the crystal grains growth of the FCC and HCP phases was observed, too. The crystalline phase increase and the amorphous phase decrease in the Ni and Co alloy powder samples occurred as a result of a rise in the annealing temperature, followed by the crystallisation of the amorphous phase into the FCC phase, the crystal grains growth of the FCC phase and the transformation of the HCP phase into the FCC phase. 
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